The letter presents the investigation of the temperature dependence of the charging mechanism of dielectric layer in radio frequency microelectromechanical system switch. The accumulated charge kinetics are monitored through the transient response of device capacitance when a bias greater than pull-in is applied. The capacitance transient response is shown to follow a stretched exponential law. The "time scale" of the stretched exponential process is found to be thermally activated, with an activation energy that is determined from Arrhenius plot. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2347278͔
and the injection of charges forming the suspended bridge during the on state. 6 These models are appropriate for the calculation of charge responsible for the shift of capacitancevoltage characteristic, the shift of pull-in and pull-out voltages, as well as for switch stiction. However, no essential method that can be used for both the dielectric material evaluation as well as the selection of the dielectric deposition method has been proposed.
The dielectric charging is related to the material quality. 7 In MEMS switches, the deposited insulating films, typically SiO 2 and Si 3 N 4 , contain large density of defects 3, 8 associated with dangling bonds. 8 These defects may trap positive or negative charges as well as contribute to the formation of dipoles. In the on state the high electric field applied to the dielectric layer leads to charge injection through the electrodes that contributes to the dielectric charging. Due to absence of convenient conducting paths the recovery time can be of the order of milliseconds to days. 7 The aim of the present work is to present a characterization method for the investigation of insulator layer charging mechanisms in rf MEMS switches and to show that the dielectric charging is strongly affected by thermally activated processes, a fact that can be used as feedback for material selection and/or improvement. The method is based on the temperature dependence of the transient response of the device switch-on capacitance. This allows the determination of macroscopic activation energy, which is characteristic of the investigated charging mechanism.
A better insight to charging mechanism in insulators is obtained by bringing to mind that upon the application of an electric field, the insulating layer of a MEMS switch is polarized. The polarization occurs through several mechanisms involving microscopic and/or macroscopic charge displacement. The most significant mechanisms are the dipolar, the space-charge ͑which includes also the charge injection effect͒, and the interfacial polarization. These polarization mechanisms occur simultaneously and any attempt for differentiating them requires methods, such as the thermally stimulated depolarization current, that are not applicable to MEMS switches. 9 In order to proceed, we adopt a simple model, depicted in the inset of Fig. 1 . In this model the bulk and surface charges are replaced by the macroscopic dipole moment per unit volume P. Now, when a voltage V 1 is applied across the capacitor electrodes the resulting electric field will polarize the insulating film and the charged bridge electrode will be attracted by the rigid electrode. Since the electric displacement is constant in the space between capacitor electrodes, the switch capacitance will be given by a͒ Electronic mail: gpapaioan@phys.uoa.gr FIG. 1. Capacitance-voltage characteristic at 300 K, ͑᭺͒ with bias ramping up and ͑b͒ with bias ramping down. The inset represents the device geometry.
where A is the capacitor area and d the bridge displacement. Further, if the applied voltage is large enough, larger than the pull-in voltage, the bridge displacement will exceed the instability point 5 and finally land on the top of the dielectric. Then the switch capacitance will be given by
In a capacitive rf MEMS switch, due to surface roughness and bridge stress, the contacted area is smaller than the capacitor area. 10 Due to carrier injection through the contacting areas 6 the average dielectric polarization will decrease, so will do the electrostatic force, the proximity of the bridge electrode, and finally the switch capacitance. The measured on capacitance transient will be proportional to the decrease of macroscopic polarization,
where the correction factor a has been inserted to prevent the deviations from the ideal case, that is, the surface roughness and the bridge bending.
In the present work, the capacitance transients were monitored in the temperature range of 300-440 K. The dielectric film was Si 3 N 4 , with a thickness of about 0.1 m and deposited with plasma-enhanced chemical-vapor deposition. The C on / C off capacitance ratio was estimated to be about 4 with the C off value presented in Fig. 1 . No surface roughness measurements were performed although it is known that surface roughness affects the charge injection during pull-in. 10 The switch pull-in voltage was found to be lower than 10 V. Bias trips from −10 to + 10 V or from +10 to − 10 V were applied in order to ensure pull-in and charge injection leading to capacitance transient. The alternating bias trips minimized the average polarization. Finally the capacitance-voltage characteristics were obtained by sweeping the bias with a rate of 5 V / s, fast enough to avoid the hysteresis induced by slow trapping centers.
Typical capacitance-voltage characteristics, obtained in the temperature and voltage range of interest, revealed a small hysteresis ͑Fig. 1͒ due to charge injection during pullin. The hysteresis caused an offset of the bias of capacitance minimum ͑V C min ͒, which for a closed loop bias sweep at room temperature was found to be about 0.9 V, corresponding to a polarization hysteresis of ⌬P Ϸ 1.4ϫ 10 −8 Cb/ cm 2 . Taking further into account the small offset of V C min as well as the absence of constant capacitance and the gradual increase beyond pull-in, we are led to the conclusion that the bridge does not land uniformly on the dielectric surface. A uniform landing would give rise to a larger charge injection, hence a wider V C min offset and a constant capacitance beyond pull-in. A similar behavior has been presented in Fig. 3 Figure 2 shows the capacitance transient obtained when the actuation voltage was switched from +10 to − 10 V as well as from −10 to + 10 V. Here it must be pointed out that although the experimentally followed process involves the subsequent depolarization and polarization, the transient revealed an extrinsic charging process that leads to a decrease of total polarization initiated as soon as the bridge contacts the dielectric film.
The recorded capacitance transients are nonexponential, thus suggesting a complex polarization process. In order to get a better insight to this we must bear in mind that the dielectric film is amorphous constituting a rather disordered material, often denoted as SiN x , with a defect concentration of 10 18 cm −3 . 1,3 Therefore it is more appropriate to assume that the stretched exponential relaxation mechanism is the one that describes better the situation. 13 This type of relaxation may be derived assuming a distribution of parallel rates arising from a random distribution of active centers and microscopic distance-dependent interactions or the hierarchy in relaxation levels and the dynamic scaling hypotheses for percolation clusters. 8, 13 Moreover, in this polarization procedure several processes can be involved simultaneously whose parameters are time and space dependent. 7 The adoption of the stretched exponential relaxation model leads to a capacitance that varies with time as
where ␤ is the stretch parameter and is a characteristic time often termed as "the process time scale" and varyies with temperature according to ͑T͒ = 0 exp͑E A / kT͒. Finally, E A is the charging mechanism activation energy and 0 the characteristic time at infinite temperature. The fitting of Eq. ͑4͒ to the experimental data for both bridge polarities is also shown in Fig. 2 . The fitting results in the temperature range of 300-440 K were used to draw the Arrhenius plots of for both voltage trips. This allowed the determination of the activation energy E A of the charging mechanism, which was found to be 0.81 eV and independent of the bridge polarity ͑Fig. 3͒. The results clearly indicate that the defects responsible for charging mechanism are the same for both applied polarities, which means that this is a bulk material effect and not related to the metal-dielectric interfaces. 0 was found to have values of about 3.8ϫ 10 −13 s for −10 to + 10 V pulse and about 2 ϫ 10 −13 s for +10 to − 10 V pulse. Since the bias is applied to the bridge with respect to the transmission line the difference has to be attributed to the carrier injection efficiency. More explicitly, when the bridge is negative it injects electrons into the dielectric film while when the bridge becomes positive electrons are injected from the dielectric surface to the metallic bridge. The differences in 0 indicate an expected asymmetric metal-insulator injection process due to the fact that the applied voltage is low enough to dominate the Poole-Frenkel injection current, 10, 11 leaving the trap assisted tunneling current 12 to dominate. This is also supported by the fact that the trap assisted tunneling current leads to transients while the Poole-Frenkel one does not.
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In conclusion, the letter demonstrates the effect of extrinsic space charge polarization to the charging mechanisms of rf MEMS switches. The analysis of experimental data confirms that the charging is thermally activated and the transient response is better described through the stretched exponential relaxation as well as the asymmetric metalinsulator injection process. The proposed method allows the calculation of the corresponding characteristic time and the activation energy of the charging mechanism. Since the dielectric layers in MEMS capacitive switches possess a degree of disorder, a systematic investigation involving various material growth conditions will lead to a better understanding of the charging mechanism in rf MEMS switches and provide a tool for the dielectric film growth optimization as well as the dielectric material selection.
The authors would like to acknowledge that the present work has been performed within the EU funded NoE project AMICOM ͑No. 50735-21-11-03͒. 1 
Introduction
MEMS based switches and actuators have emerged as a serious alternative to GaAs or Si based solid state devices, especially in microwave applications. Up to now packaging and reliability issues are the major limiting factors that restrain the massive production of such devices. In the field of micromechanics, especially as part of electrostatically driven switches, actuators and variable capacitor devices, insulator layers protect against short-circuit. Materials of high insulation resistance, dielectric constant and breakdown field strength, which provide sufficient technological compatibility, are preferred in micro-system technologies. The reliability of RF MEMS is mainly restricted by the charging effect that occurs in the dielectric material of the device. Depending on the material properties and environmental conditions, the surface of a dielectric can be capable of localized charge storage for a considerable time. Furthermore, the insulating materials may provide charge trap sites both deep in volume and at interfaces of multi-layer stacks. This parasitic charge becomes uncontrollable into the dielectrics of a MEMS device, during handling, operation and mainly when they are stored or operate in a radiation rich environment [1] . * Corresponding author. Tel.: +30 2107276722; fax: +30 2107276711.
E-mail address: vtheonas@phys.uoa.gr (V.G. Theonas).
Up to now, there are several reports concerning the dielectric material charging effect of electrostatically actuated capacitive RF MEMS switches, operated in a radiation free environment. It is widely accepted that charges trapped or displaced during processing and/or during the actuation of the devices can result in their latching or self-biasing [2] [3] [4] [5] . The aim of the present work is to estimate the MEMS device dielectric charging effect, while subjected to electromagnetic ionizing radiation. Our aim is to obtain a better understanding of charging effects in RF MEMS and their sensitivity to radiation, by combining the information on dielectric polarization process [1] [2] [3] [4] [5] with simulations on charging due to ionizing radiation [6] [7] [8] [9] [10] . The final goal is to derive the origin of each contributing constituent to dielectric charging taking into account the charge kinetics in order to understand the degradation of these devices when they are operating or stored in electromagnetic ionizing radiation environment, especially for space applications [13] [14] [15] [16] . The interpretation of the present work simulation results is based on the device structure and the insulator's composition and thickness.
Physical processes and simulation
In principle the study of the ionizing electromagnetic radiation induced charging includes photon energies ranging from a few keVs (soft X-rays) up to a few MeVs (␥-rays). This wide photon energy range allows us to distinguish the contribution of three basic energy loss mechanisms. Auger and photoelectric effects are dominant for the absorption of X-rays, while Compton effect occurs at high photon energies and may lead to defects creation through the high energy Compton electron [6] .
As already mentioned, in RF MEMS capacitive switches the device degradation is caused by the ionizing radiation generated charge in the dielectric film. The charge distribution will depend on the charge generation mechanisms and the absorption coefficient, which will be determined by the dielectric composition as well as the structure of the device and the vicinal metal layers. Therefore, in these devices it is essential to track the processes that lead to charge generation and determine the charge distribution. A schematic diagram of the well known processes that may occur during a thin specimen irradiation by photons is illustrated in Fig. 1 .
When a dielectric film is irradiated with monochromatic photons, in the energy range of interest, the photon absorption gives rise to ejection of a photoelectron from the excited atoms. Almost instantaneously, in less than 10 −15 s, the electron ejection is followed by an electronic rearrangement that is characterized by a photon emission (fluorescence effect) or by an Auger electron emission. The initial photoelectron and nearly one or more Auger electrons are emitted quite simultaneously from the excited atom. They propagate in the material where they interact with it. During their transport photoelectrons and Auger electrons generate electron-hole pairs, which correspond to an electron excitation from the valence towards the conduction band. The fluorescence photons generate, in turn, photoelectron and Auger electron emissions from less bounded atomic levels or the same of other species. Finally, the contribution of Compton effect, although negligible for low photon energies, cannot be ruled out.
When the initial photoelectrons and Auger electrons are emitted from atoms situated close to the dielectric surface, these electrons may escape into vacuum. The main effect of this process is the formation of a positively charged surface layer. The thickness of this layer corresponds roughly to the total path the corresponding electrons would have in the bulk and is greater than the inelastic mean free path (IMFP). Regarding the fluorescence photons they may also emitted into vacuum before they will interact with lattice atoms. In all cases, the electrons and photons do not contribute further to carrier generation in the dielectric.
In RF MEMS capacitive switches, the dielectric layer is deposited on a conducting substrate, the coplanar transmission line. Above dielectric film is the suspended bridge that constitutes the moving electrode of the capacitive switch. The capacitance of the device is varied between a maximum value during ON state and a minimum value during the OFF state. Due to this specific structure a similar process will take place in the suspended bridge and the coplanar transmission line. At that place due to the higher Z of metal bridge and transmission line, the X-ray absorption will be in principle stronger (Mosley's law) that means that bridge and transmission line photo and Auger electrons as well as fluorescence photons will be emitted into dielectric. Furthermore the dielectric escaped electrons will be collected by the metal electrodes and they will not contribute anymore to the dielectric charging effect, except if their energy is still large enough to generated Auger electrons close to the metal's surface that have the possibility to be re-emitted in the dielectric. Finally, the dielectric escaped fluorescence photons may contribute to the generation of photo and Auger electrons part of which may be injected back into dielectric. This process is plausible since the transmission line is in contact with the dielectric film and bridge distance from the dielectric film is of the order of few microns that diminish the probability of scattering events of ejected electrons with the atmosphere atoms in the capacitors gap. The contribution from the adjacent electrodes will change dramatically the situation. Since it is a dynamic process the dielectric surface charged layer may change polarity and the thickness of the charged layer will be determined by the balance between and the corresponding IMFPs of the ejected and the injected electrons. The presence of injected electrons will affect the charge status of ionized, due to Auger emission, dielectric atoms. The recovery from the charged state will be much faster due to the presence of the injected excess electrons. In any case this process and others such as the charge trapping in defects and at metal-insulator interface as well as the effect of interface roughness are out of the scope of the present work, which focuses on the distribution of the ionizing radiation generated charge and the effect of the materials that are in the vicinity of the dielectric film. Finally, a key issue is the choice of dielectric material, i.e. Si 3 N 4 or Ta 2 O 5 . Both are used in MEMS switches or varactors; the latter is preferred in order to increase the ON to OFF capacitance ratio. The calculation of the distribution of generated/ejected/ injected charge and fluorescence processes has been implemented with the MCNP, Monte-Carlo-N-Particle code version 4B [11] . The code treats an arbitrary three-dimensional configuration of materials in geometric cells bounded by first-and second-degree surfaces and fourth-degree elliptical tori [11] . For photons, the code accounts for incoherent and coherent scattering, the possibility of fluorescent emission after photoelectric absorption, absorption in pair production with local emission of annihilation radiation, and Bremsstrahlung. A continuousslowing-down model is used for electron transport that includes positrons, K shell X-rays, and Bremsstrahlung, but does not include external or self-induced fields. The code can be used in several transport modes: neutron only (10 −11 MeV to 20 MeV), photon only (1 keV-100 GeV), electron only (1 keV-1 GeV) and combined neutron/photon transport (where the photons are produced by neutron interactions), neutron/photon/electron, electron/photon or photon/electron. In the present work we used the photon/electron mode. In MCNP photon interaction libraries tables exist for all elements from Z = 1 to 100. Scattering angular distributions are modified by atomic form factors and incoherent scattering functions. The included database cross sections can be used as energy-dependent response functions in MCNP to determine reaction rates. More details are given in the code manual [11] .
Simulated device structure
The structure of the devices used in the simulation procedure is presented in Table 1 . In order to emphasize on the effect of the presence of adjacent metallic electrodes, we first considered a simple structure that consists of a bare insulating film, labeled device D2. The secondary electron emission yield induced by energetic projectiles is often about an order of magnitude larger (or more) for insulators than for other materials [10, 12] . For this reason we further simulated the effect of electromagnetic radiation on a simple metal-insulator-metal (M.I.M.) structure, labeled device D1, resembling a varactor and an RF switch. Several dielectric materials, such as Si 3 N 4 , SiO 2 , AlN, Al 2 O 3 , HfO 2 and Ta 2 O 5 have been supposed to fill the insulating film during soft X-ray irradiation simulation. The materials choice was based on their compatibility to RF MEMS technology [2] , their electrical characteristics and their structural and physical properties. As the material's interaction with electromagnetic radiation is of great significance in our work, there are three major parameters that affect this phenomenon. Insulating compound's mean atomic number (Z), its atom or mass density (d) and the compound's elements mean mass attenuation coefficient for the X-ray photon energy are under consideration (κ). These significant properties of the insulating materials under consideration are illustrated in Table 2 (data retrieved by [17] ). On the basis of this analysis we can separate these materials into two different categories. As "Light materials" we can consider the aluminum and silicon nitride and oxide and as "Heavy materials" we can contemplate the hafnium and tantalum oxide.
The simulation as already mentioned was performed by the MCNP code, in order to calculate the induced charge magnitude and distribution to the layers of the devices, under soft X-ray photon irradiation. X-ray photons absorption by the matter is mainly affected by the material's mean atomic number and thickness and the photon energy. Hence, variables of our simulation were the insulating compounds that fill the dielectric film of device D1, the dielectric film depth and the incident photon energy and direction. The choice of soft X-ray photon energy and direction was made on the basis of the pretension to simulate the "worst case scenario" concerning the parasitic charge induced to the device's layers upon irradiation. From the X-ray mass attenuation coefficient plots versus photon energy available in [17], we can observe that the "heaviest" of the chemical elements that constitute the insulating compound cell and the surrounding layers of the MIM structure under examination (such as Au, Hf, Ta and Cr), show an absorption edge in the energy range of 10-20 keV. Lighter elements (such as Al and Si) show an absorption edge located in lower energies (near 1 keV) while N and O show no abrupt absorption edge for the whole X-ray photon energy spectrum. Since mass attenuation coefficient reduces as photon energy is raised and high energy photons interactions with surrounding materials (i.e., radiation shield and MEMS device packaging) will produce lower energy photons that will interact with the device, we decided to use the soft X-ray energy of 20 keV in our simulation process, incident perpendicular to the center of the 100 nm Au layer. Each simulated device was considered to have an active area of 60 m × 60 m. The dielectric layer thickness was varied between from 100 nm to 420 nm and consisted of cubic cells of 20 nm dimension. The choice of this structure allowed the study of the effect of lateral dispersion of secondary electrons and photons. Finally, the beam was assumed to be vertically incident on the surface of the central cell.
Simulation results
Fig . 2 illustrates the total "parasitic" charge induced in the device D1 insulating cells upon irradiation, for all simulated dielectrics as a function of the thickness of the insulating layer. This result clearly denotes that there is an adverse behavior between the "Heavy" and "Light" materials, since the insulating layer thickness increase brinks on a negative induced charge increase in the "Light" materials and a smooth positive charge fluctuation in the "Heavy" ones. In all cases Ta 2 O 5 exhibits the lowest total charge buildup among the simulated materials. On the other hand, among "Light" materials, the Al 2 O 3 cell obtains the most negative charge while the SiO 2 one obtains the less. Finally the negative charge observed in AlN and Si 3 N 4 cells is somewhat similar. Fig. 3a and b illustrates the total "parasitic" charge induced, upon irradiation, in the device's front and rear metal contacts, respectively, for all simulated dielectrics, as the thickness of the insulating layer increases. In fact, these figures illustrate the amount of electrons leaving the metal films and being injected into insulator one. From there, it becomes clear that in "Heavy" materials, as the insulating layer becomes more positive the metal contact layers become less positive and in "Light" materials, as the insulating layer becomes more negative the metal contact layers become more positive. In other words the metal contact layers induced charge "follows" the insulating layer charge deposition variations, indicating that the charging effect has to be attributed not only to electrons generation in each layer but mainly to electrons redistribution during their drift and diffusion along the device's layers. In order to understand these results we have to emphasize to the interaction and generating mechanisms contribution and to deduce the appropriate models on the generated electrons kinetics within the simulated device.
Significant role to our results interpretation plays the portion of incident photon energy deposited to each one of the simulated device layers. Our results indicate that the maximum proportion of the incident photon energy, among all simulated dielectrics, is deposited in HfO 2 insulating cell. This result can be attributed to the largerZ, d andκ of this material in comparison to the corresponding values for all the other examined materials. Among the "Light" materials maximum proportion of the incident photon energy is deposited in Al 2 O 3 insulating cell. Taking into account the data in Table 2 , we can easily conclude that beyondZ, the parameter that dominates the incident photon energy absorption phenomenon is the material's density. This conclusion is valid for all the results we have pulled out regardless of insulating material thickness. As anyone would expect, during insulating cell thickness increase, we can observe an increase in the portion of incident photon energy deposited. A parameter that indicates the magnitude of X-ray photons interaction with matter is the photon's mean free path (mfp) in the simulated devices layers. Our results show that the 20 keV X-ray photons mfp in "Light" materials is almost two orders of magnitude higher than in "Heavy" simulated materials (about 1 cm and 20 m, respectively), indicating that photon collisions events will be significantly more in these materials. Photons mfp in insulating cells is practically independent of cell's depth for all simulated materials. The maximum photons capture rate is achieved for the case of HfO 2. Photons capture rate for all examined "Light" materials is found to be identical and can be attributed to their equalZ = 10. As anyone would expect, when insulator's cell thickness is increased there is an increase in photons capture rate. In "Light" materials the observed increase is minor (≈0.64%) but for the "Heavy" ones the increase is significant (25%-30%). This is due to the difference between d andκ values among the two material categories.
In the simulated MIM devices and for all insulating cell's materials and depths, about 93-95% of the incident 20 keV Xray photons escape without interacting with the matter and only a small portion, of about 5-7%, collide with the device's atoms and is captured. The descendants of this small portion of colliding photons are responsible for the dielectric charging. Primary photon collisions events, generally lead to secondary photons and electrons generation within the device layers.
Secondary photons generation is generally minor and wavers in a rate of 1-1.5% of the incident photons population. Since captured photons are estimated to be about 5-7% of the incident ones, the secondary photon generation phenomenon cannot be neglected because it contributes to the device's layers charging. For all simulated "Light" materials and independently of insulating cell thickness, the secondary photon generation processes contribute a portion of 1.17% of incident photons magnitude. As expected, the "heaviest" material (HfO 2 ) is the one that obtains the largest secondary photons generation and the larger increase in secondary photons generation rate during insulating cell broadening (about 1.26-1.53% of incident photons magnitude).
Secondary photons generation mechanisms occurring for all the examined materials are: (a) Bremsstrahlung, (b) characteristic X-rays and (c) 1st fluorescence. The dominant mechanism is 1st fluorescence, because almost 97.5% of secondary photons generated, is attributed to this mechanism. Bremsstrahlung is estimated to be substantial, because almost 2% of secondary photons are credited to this mechanism, while characteristic Xray mechanism is estimated to be negligible, since only 0.5% of secondary photons generated, is attributed to this. The variation achieved to the significance of the secondary photons generation mechanisms during dielectric layer's increase is presented in Table 3 , indicating that there is a contrary behavior between the two material categories under examination.
Electrons generation attributed to photons collision events with device's atoms is generally more intensive in "Heavy" materials. Our results indicate that generated electrons population in device D1 volume is about 11.2% of incident photon population for "Light" and about 12.5-17.5% for "Heavy" materials. This fact is expected due to d,Z andκ values difference and is confirmed by the collision event rates results. Insulator's cell thickness increase leaves the electrons generation rate practically not leveraged for "Light" materials, since a small increase of 0.7% is observed. In "Heavy" materials the increase in electrons generation rate is significant (about 37.5%), leading to electrons population of about 17.5% of incident photons population within the device. As anyone would expect, among all examined materials, HfO 2 exhibits the most intense behavior and SiO 2 the less.
Electrons generation mechanisms occurring for all the examined materials are: (a) Compton recoil, (b) photoelectric effect, (c) photon Auger, (d) electron Auger and (e) electron knock-on. Among these five mechanisms, photoelectric effect and electron knock-on are significant and dominate the electron generation process, since 38-41% and 56-60% of the generated electrons are, respectively, attributed to these mechanisms. Electron Auger mechanism is estimated to be substantial, because about 0.5-2% of electrons population is generated from this procedure. Finally Compton recoil and photon Auger mechanisms are estimated to be negligible since only about 0.08% and 0.1% of generated electrons are due to these, respectively. The variation achieved due to the significance of the electrons generation mechanisms during dielectric layer's thickness increase is presented in Table 4 , indicating that there is a contrary behavior between the two material categories under examination, as it was also observed earlier in secondary photons generation mechanisms variations.
Simulation results indicate that maximum electron capture rate is achieved when the device's dielectric is HfO 2 and minimum for SiO 2. The observed behavior can be attributed to the examined materials densities. Insulator's cell thickness increase leads to electron capture rate increase. For "Light" materials the relative capture rate variation is in the order of 1.85-2.67%. For Table 3 Dependence of secondary photons generation on dielectric layer's thickness the "heavy" insulators HfO 2 and Ta 2 O 5 the variation was found about 3.94% and 3.70%, respectively. Practically, in the device D1 structure and for all insulating cell's materials and depths, about 88-93% of radiation induced electrons population is captured in the device due to their interaction with the mater and a small portion of 7-12% escape the device, leading to a positively charged structure. The device's charging effect under consideration is attributed to secondary electron emission from the insulator surface and the vicinal Au films. An indicative parameter that aids the interpretation of the induced electron kinetics within the simulated device layers is electrons mean free path (mfp) in each layer. Referring to the dielectric layer, the induced electrons mfp in "Light" materials (49-90 nm) is more than 4 times higher than in "Heavy" ones (11.5-14.5 nm). Maximum mfp is achieved by SiO 2 and minimum by HfO 2 , behavior that can mainly be attributed to materials densities. During insulator cell depth increase, we observe an electrons mfp decrease. As indicated by the materials d, maximum decrease in electrons mfp is observed for HfO 2 (about 8.06%) and minimum for SiO 2 (about 6.15%).
The induced electrons mfp in the front metal contact of device D1 (100 nm Au cell) is found to be almost independent of insulating cell materials. Maximum mfp is achieved by HfO 2 and minimum for SiO 2 , behavior that follows an inverse pattern than the one of the materials densities. During insulator cell thickness increase, there is an electrons mfp decrease. Maximum decrease is observed for Ta 2 O 5 case (about 3.90%) and minimum for SiO 2 (about 2.85%). Finally electrons mfp in the rear metal contact of the device (200 nm Au cell) is also found to be independent of insulating cell materials. Maximum mfp is achieved by SiO 2 and minimum for HfO 2 , behavior that can mainly be attributed to materials densities. We have to mention that our results for electrons mfp in front and rear metal contacts cells are opposite, although the calculated values are almost identical (≈6 nm). During insulator cell depth increase, we observe an electrons mfp decrease. As indicated by the materials d, maximum decrease is observed for HfO 2 (about 3.84%) and minimum for Al 2 O 3 case (about 0.82%).
Discussion
As expected, device D2 is always positively charged upon irradiation, regardless of its composition. The induced charge distribution is almost independent of the layer thickness for the "Light" simulated materials, indicating that the escape depth predicted by [9] is greater or equal to the half of the maximum simulated layer depth (210 nm). However for "Heavy" simulated materials, induced charge distribution forms a Gaussian shape as it is illustrated in Fig. 4 for HfO 2 , indicating that secondary electron emission occurs near the layer's surface. Our calculated estimation about the critical depth s achieved by HfO 2 and Ta 2 O 5 is of about 75 nm and 67 nm, respectively. The positive charge induced to the device D2 upon irradiation is greater for the "Heavy" simulated materials. This fact is illustrated in Figs. 8 and 9 and can be attributed to different parameters such as the number of generated photoelectrons and their kinetic energy. As compound'sZ increases, there is a corresponding increase to the mean mass attenuation coefficient (κ) of the insulating material. This fact in combination to the high compound density increases the possibility of photon absorption and consequently the net number of primarily generated photoelectrons. It is well known that for low photon energies, such as the soft X-rays we used in our simulation, the dominant photon interaction mechanism with matter is photoelectric effect. Table 2 data indicate that when a high atomic number element absorbs an X-ray photon, the photo-excitation process leads to the extraction of an L1 inner cell bound electron, on the contrary to low atomic number element photo-absorption, which leads to the extraction of a K inner cell bound photoelectron. Thus the primary generated photoelectrons in highZ compounds will have greater kinetic energy than those generated in lowZ insulators. This fact leads to critical depth s increase and finally to higher induced positive charge.
Simulation results for device D1 indicate that the larger atomic number and implied absorption coefficient of Au layers, lead to electron injection towards the insulator. The insulating layer induced charge distribution illustrated in Fig. 5 for the case of Si 3 N 4 , forms an inverse "U" shape especially for low insulating film thickness. This shape indicates a strong accumulation of negative charge close to the insulator -Au interface, which fades out deeper in the insulator volume. As the dielectric film thickness increases, charge distribution forms a plateau at the center of the insulating film, which implies that (Au injected) electrons penetration depth to the dielectric is limited and affected by the compound's density. Negative charge induced nearby the rear insulator -Au interface is greater than that induced nearby to the front, because rear metal contact of the device is thicker ( Table 1 ). The latter indicates that the most significant component to the shape of induced charge distribution in the dielectric layer of a M.I.M. irradiated structure is electron injection from the vicinal metal layers. This allegation is enforced by the similarity of charge distribution shape for all simulated materials. Figs. 6 and 7 illustrate a comparison between charge distribution induced to all simulated materials in a 100 nm and 420 nm insulating film, respectively, for device D1.
As it is also indicated by Fig. 2 , despite of layer thickness "Light" materials are totally charged negative. Layer thickness increase leads on the one hand to plateau broadening and on the other hand to plateau shift towards less negative values. Total negative charge induced to the insulating layer volume increases with layer's thickness. On the other hand, "Heavy" materials exhibit a slightly different behavior. Induced charge is positive at the center of the layer and negative near the limiting surfaces with the vicinal metal layers. Generally the induced charge in insulating film volume is positive, except of the 100 nm thick Ta 2 O 5 layer, which is negatively charged. The plateau formed inside the dielectric is broadening with layer thickness increase but it does not exhibit a parallel shift to more positive or negative values. On the contrary it exhibits a narrowing immersion towards the layer's interface with the thicker Au neighboring layer. Finally, although the charge distribution shape is similar for all simulated materials, there is a clear distinction between them.
Since simulated device structure and conditions were identical for all the materials under consideration, the abovementioned observations must be attributed to the materials properties. The parameters that mainly affect the observed behavior are insulator's density and mean atomic number. Si 3 N 4 and AlN exhibit almost identical behavior due to their equalZ and similar density. Therefore, the total negative induced charge is slightly greater in the Si 3 N 4 layer volume. Among the "Light" insulating compounds, the most negative charge is deposited to SiO 2 and the less to Al 2 O 3 cell. Since SiO 2 density is the lowest, the high kinetic energy electrons that are injected from the vicinal Au layers have large penetration depth in the insulating layer. Therefore, the shape of charge distribution for this compound is almost symmetric and there is no observable narrowing of the distribution towards the layer's interface with the thicker Au neighboring cell. Our results strongly indicate that negative charging of "Light" insulating compounds must be exclusively attributed to electron injection from the vicinal metal layers.
"Heavy" insulating compounds, introduces another component that contributes to the observed charge distribution. On the one hand high material density diminishes the injected elec- trons penetration depth into the insulating layer. That fact partially explains the narrowing immersion of the observed plateau towards the layer's interface with the thicker Au neighboring layer, as the insulator layer thickness is increased. One the other hand, there is a large number of photoelectrons generated within the insulator volume, which were ejected to vacuum resulting a positively charged device D2. The kinetic energy of these photoelectrons is comparable to that of the electrons injected by the surrounding metal layers due to the similar atomic number of Au (79), Hf (72) and Ta (73). A significant number of these photoelectrons, especially those originated in depths comparable or greater than the estimated critical depth of about 75 nm and 67 nm for HfO 2 and Ta 2 O 5 , respectively, cannot escape the insulating film layer because they are decelerating during their inelastic interactions with insulating material's atoms and they are finally captured within the dielectric film. Consequently, there is a strong accumulation of electrons inside the dielectric layer and near the insulator-metal interface, which contributes to the observed narrowing immersion of the plateau for thick dielectric films. Therefore, the observed total layer positive charging of HfO 2 and Ta 2 O 5 layers, as well as the slightly negative charging observed at Ta 2 O 5 layer of 100 nm, must be attributed both to electron injection from the vicinal metal layers Fig. 9 . Charge distribution in a 420 nm thick insulating monolayer (device D2) and in a MIM irradiated structure (device D1). and electron redistribution within the insulating film volume [8] .
Figs. 8 and 9 illustrate a comparison between charge distribution induced to all simulated materials in a 100 nm and 420 nm insulating film, respectively, for both simulated devices D1 and D2.
Conclusions
Simulation indicated that high density and mean atomic number insulating compounds, must be preferred as dielectrics in RF MEMS switches and varactors for radiation reach environment applications, when the total induced charge on the dielectric film is taken into account. Among the six insulating materials investigated in the present work, Ta 2 O 5 exhibited the less net induced charge, upon device's soft X-ray radiation. Regarding the net electron charge injected from metal films, which represents the transmission line and bridge, the lowest charge is injected in the case of HfO 2 . The difference with respect to Ta 2 O 5 is small enough to let us consider it as negligible. Low density and mean atomic number insulating compounds, exhibit a rather uniform behavior, attributed to high kinetic energy electron injection from the adjacent metal layers. The reduced net charge observed in "Heavy" compounds is attributed to electron injection, emission and redistribution within their volume. Since electron injection is essential in all material under assessment, the metallic electrodes composition of an RF MEMS switch becomes critical. Our results clearly indicate that we must use insulating compounds that contain elements having similar mean atomic number to that of the metal contacts, in order to reduce the induced charge. This means that lighter insulators have to be used with rather lighter metals. However, since the insulating films have to be deposited on and surrounded by highly conducting metals, such as Au, in order to minimize the losses at high frequencies, an alternate solution, which emerges from simulations under progress, is to choose the optimum compromise between the metal electrode material and thickness with reference to the selected insulating film material.
